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Abstract pulsev, =~ c is generated. This wave induces a fractional
A novel mechanism for generating large ( GeV/m) ac- density perturbation of the plasm:a,_m wp/wo, wherelwo
andw; =~ wq are the laser frequencies. In order to induce

celera_tmg wakes in a plasma is cons!dered. we emploa}/density perturbation of this magnitude, laser intensities
two slightly detuned counter-propagating laser beams, an . 9/ 9 . A i
- : should satisfyipa; > w; /wg. This condition implies non

ultra-short timing pulse and a long pump, which eXChamgreelativistic laser intensitieg, ; < 10'*W/cnm?, because
photons and deposit the recoil momentum into the plasma,’, " 5 0, '
ws /wg < 1 for tenuous plasmas.

electrons. A rapidly rising electron current is thereby gen- S
picy g g When two laser pulses collide in plasma, they may ex-

erated, inducing an plasma wake with phase velocity equ%lwange photons [2. The direction of the energy flow be-

to the group velocity of the short pulse, which can be use h | ; dbv the Manlev-R lation:
for particle acceleration. It turns out that, by modulatin ween the pulses IS governed by the Manley-Rowe relation:
p_e higher-frequency photons back-scatter into the lower-

the amplitude and frequency of the pump, one can gen hot T i wumis d ited int
ate periodic phase-controlled accelerating structures in t gduency photons. The recoll momentum s depositedinto
the plasma electrons. For example, when the pump fre-

lasma (“plasma linac™). By the judicious choice of the d L
P Cp ! ). By the judiciou ! u&ajency is higherAw = wy — w1 < 0, plasma electrons,

ration of each segment of the pumping beam, accelerati : i { d orod
unlimited by the dephasing can be realized. The amouRP average, acquire a negativeé momentum and produce an

of transverse focusing can be also adjusted. The impcﬁ,_ectron current. It is essential that this current can gener-
: e a plasma wave substantially larger in amplitude (the en-

tant advantage of this type of plasma accelerator over tﬁ‘é .
9 yp P nced wake) than the conventional plasma wake produced

conventional laser wakefield accelerator is that it requir . : ; .
modest laser intensitigs< 10 *W/cme. y mere forward scattering. Since _the sign gf the current is
controlled by the frequency detuninyw, so is the phase
of the plasma wave = w,(t — z/v,,). These two points
1 INTRODUCTION are illustrated by a numerical simulation, performed using
1D version of the Particle-in-Cell (PIC) code VLPL [3].
s Fig. 1 indicates, the addition of the counter-propagating

Plasma is an attractive medium for particle acceleration [2

because of the high electric field it can sustain. In a plasm b he ul h lso i h
based accelerator particles gain energy from a longitudin@°e’ Peam (pump) to the ultra-short pulse increases the

plasma wave. To accelerate particles to relativistic ene'f'—“’lgmtude of the wake by order of magnitude. We will,

gies, the plasma wave needs to be sufficiently intense, witherefore, refer to the wake generated in the presence of the
“enhanced” wake, as opposed to the “regular”

a phase velocity close to the speed of light. The Iongitudf2ump as the :
nal (accelerating) field of the plasma wavefis — 7 Fyn,, wake, produced in the absence of the pump. Moreover, one

where = on/ng is the fractional density perturbation OPS€rves from Fig. 1 that when the frequency of the pump

of the plasma by the wave, aftys = mcw, /e is the is change_d fromw; = 1.1wp to w; = 0.9wy, the phase of
cold wavebreaking field. Here, = \/4me?ny/m is the the wake is changed b = —r.
plasma frequencyy is the plasma density;e andm are

The remainder of the paper is organized as follows. In
the electron charge and mass. In a laser wakefield acc

a@ction 2 we consider the basic physics of the enhanced
erator (LWFA) such a plasma wave is excited by an LII,[ra]wake excitation: interference of two counter-propagating
short pulse of about/w, duration. Sincé: ~ a3/2, where

aser beams generates a spatially periodic (with period
a2 = 0.371,/10"*W/cn?, high laser intensityy ~ 10 Ao/2) ponderomotive potential, which can impart an over-

W/cn? is required all momentum to the plasma. Two regimes are considered:

In this paper we suggest a new approach to generatii‘)‘ﬁ‘en theglec;]tron Totlon ||n trtus pord;roTot|v§ pot((ajntlal is
accelerating wakes in plasma, which we call a coIIiding—I ear, and when strong electron. in Section 5 we demon-

beam accelerator (CBA). This method requires neithesrlrate how a sequence of acceleration/drift sections can be
ultra-high intensity lasers, nor high-current electron beam roduced in plasma, mimicking sections of a conventional

Rather, by colliding two counter-propagating laser bear: accelerator in the plasma medium.
of sub-relativistic intensities, a short timing beam (TB)

and a long pumping beam (PB), a plasma wave with 2 GENERATION OF ENHANCED
phase velocity,,, equal to the group velocity of the short WAKES
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tween the counter-propagating beams, electrons, on av-

By @p/ w0y =0.05 erage, acquire the recoil momentum and produce a cur-
e ' ' rent. However, the current in 1-D must be balanced by
Signal, oy ] the displacement current. An electric field, is pro-
o002 3 —_— 4 o012

duced, satisfying Faraday’s la@E, /0t = —4dw < J, >,
where < J, > is the current averaged over the period

0.008 * 4 - 4 )
of the slow wave. Two flows contribute ta J, >:

= = JE e the linear plasma flow in the field of the enhanced wake
1 ¢=0 Jy = —engvy, and the nonlinear (space-averaged) flow
0.16 } t . —e(nv). Taking the time derivative of Faraday’s law, we
eE, Jmape 1 Pump, 1. 1x @y 2

. (0 0 <nv>
- \/\/-\/_ 2=0.05 obtain (a_c2 +w§> E, = _4776877?).. Below we
1 ¢=n:i2

consider two regimes: when the slow wave is linear and
: when electrons are trapped by the ponderomotive potential.

"E"MPCM /\/“\\/\ s If the slow wave remains linear, its higher harmonics
1 ¢o=—ns2 can be neglected, anghv) = ng(n1vf + njv1), where,
0.16 i as defined earlie;; = (e~ "/7) is the plasma density per-
= . I 1 turbation, andv; is the associated velocity perturbation.
Using the continuity equation, we find thé&kv/c) =
(Aw/wp)|n1]?. It can be shown that behind the Gaussian
Figure 1: Top to bottom: (i) single short laser pulse withTB ao(¢) = agexp (—¢%/272) the accelerating electric
ap = 0.12 and frequency, propagates from left to right; field oscillates a€Z, () = é(mcw,/e) sinw,(, where
(i) short pulse generates a weak plasma wake (iii) in
the presence of counter-propagating pump with= 0.05  rAw
and frequency; = 1.1wg the wake is enhanced, and its €¢ = R (
phase is shifted by /2 with respect to the “regular” wake
of (ii), which is also shown for comparison; (iv) Same as [e(prw)2TE 4+ e~ (wptdw)?rf Eefwrz )
(iii), only a down-shifted pump withv; = 0.9wy is used, 3
and the phase shiftisw/2.
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The most efficient excitation of the accelerating wake re-
quirest;, ~ 2.0w, ! andAw = +1.1w,. For these param-
01 = (k12 + wit). We assume laser pulses close in freeters|é| ~ 0.6w,/wo (4apaiwd/w?)?. The enhanced wake
quency|Aw| < wp, and tenuous plasma, < wo,1, SO exceeds the regular wake from forward scattering when-
thatko ~ k1 ~ wo/c. evera; > (w,/wo)?/?/4. Forng = 10'%cm~3, this corre-
Plasma  electrons experience the longitudisponds to the pump intensify > 2 - 1014 W/cm?.
nal ponderomotive force of the laser beatwave pquation (2)is valid if the slow plasma wave is linear. To
F = —mc®8.dy - @1 = 2koao((, 2)a cos (2koz — Awt),  find the maximum magnitude of the enhanced wake, con-
where( = t — z/v,. The motion of an arbitrary plasma giger the nonlinear regime of Eq. (1) whe, > w?. In
eleqtron (labeled by indeg is determined by its pondero- g regime, all the terms in the RHS of Eq. (1)pbecome
motive phase); = 2koz; — Awt;, wherez; andt; are the - smaller than the ponderomotive term in the LHS. One may
electron position and time, respectively. The equation gfeglect the electrostatic forces acting on plasma electrons
motion for thej’th electron can be expressed as during the short time of TB interaction. Hence, the particle
52 motion is qualitatively described by the nonlinear pendu-
81/;3 +c.c., lumequation); + w(¢)sinep; = 0.
¢ Plasma electrons, initially stationary in the laboratory
(1) frame, enter the time-dependent ponderomotive bucket
with the initial “speed™) = —Aw. If this speed is smaller
wherew? (¢, z) = 4wiaga, is the bounce frequency of an than the bucket height,,.. = 2wp, some electrons be-
electron in the ponderomotive potential. It turns out thagome trapped and execute a synchrotron oscillation in the
two plasma waves are excited by the collision of a shoBucket. It turns out that, by appropriately choosing the
pulse with a long pump: a slow wave with the wavelengtipulse duration and frequency detuning, a substantial aver-
Ao/2, and a fast wave (enhanced wake) with the wavexge momentum can be imparted to plasma electrons. The
length),,. This is reflected in Eq. 1)y = (¢ "¥7/1), .  largest average momentum gai ~ mcAw /w is real-
is the [—th harmonic of the slow wave, anfl,, the en- ized forAw ~ wp and7;, ~ 2/wp. For these parameters,
hanced wake, is the electric field of the fast wave. most of the electrons execute half of a bounce in the pon-
The nonlinear origin of the enhanced wakeg can be deromotive bucket. Behind the TB electrons are left with
understood as follows. As the photons are exchanged b&a average momentuti,, generating an enhanced wake

2CU0€EZ
mc

o0
+whsing; = —w? E e —
=1
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with the electric field I @
E, P,) . . . :
- u sinwy( =~ sign(Aw) (w—B) sinwpC. (3) 0.0003 |
mewy mc wo »
0.0002 . Trailing
| Leading pump pump
Since the bounce frequenayg ~ 15/4 increases slowly 4 5901
with the intensity of the TB, it is realistic to assume that w;=1.085wy, ;=0.9150x,
~ A~ 0.0000
WB ~ wp, SO that_n wp/wp. Note thgt the phase of the 200 800 1200 1600 2000
enhanced wake is controlled by the sign of the frequency Time, 2t /ey
detuningAw, as observed in the PIC simulation. This is
true when the slow plasma wave is either linear, or nonlin- 2 04 i (b)
ear, as predicted by Eqgs. (2) and (3), respectively. '

0.00 7
3 PLASMA LINAC

The ability to controlg is important since it may solve '
the dephasing problem of wakefield acceleration. Dephas’?z/mc ]
ing between the plasma wave and the accelerated rela- 24.0 ¢ © 1
tivistic electrons occurs after a distantg = A\3/\3, af- ‘
ter which electrons slip into the decelerating phase of the 20.0
wake. Generating a series of wake sections with tailored L ]
relative phases and magnitudes may result in a new type 14 ¢
of plasma linac, in which the injected electrons experience

-0.04 - J

T
1

acceleration over distances much exceedigg In order 0 200 400 600 800 1000
to demonstrate the control over the phase and amplitude X1\
of the wake in a CBA, we present in Fig. 1(b) the results /o )

of a numerical simulation, where two wake sections of 1 0.015 | .
mm total length and the relative phase difference afre
shown. The full dephasing distance bf = 1c¢m would
involve a considerably more computational effort beyond
out present capabilities.

The pump is split into two sections: the leading section
of durationAt; = 500 x 27/wg, whereAw = —1.7w,,
and the trailing sectiothts = 250 x 27 /wy, WwhereAw =
1.7w,. These two pump beam sections are separated by the
middle section of duratiot\t, = Ats, where the pump is Figure 2: Collision between a short timing beam (=
switched out. 0.08, 7, = w, ') and an intermittent pump( = 0.012) in

As Figs. 2(a,b) show, the three pump sections map i = 2-5x10**cm™? plasma o /w, = 20). 10 MeV elec-
three spatial acceleration regions, which are different froffons are continuously injected into the plasma. (a) Time-
each other by the behavior of the TB, as well as the magependence of the pumping beam intensity= 2a3; (b)
nitude anchhaseof the plasma wake. In the leading regionlongitudinal electric fielde E. /mcw,; (c) propagation of
the pump beam has higher frequency and energy flows irae TB through the plasmdy = 2a3’; (d) phase space of
the TB, amplifying it. A strong plasma wake with the peaknjected electrons.
accelerating gradient & GeV/m is induced. The middle

rTglon |sr:/0|d Or:t:e pumpl). Here the I}B mteractls W'thdth%ne can achieve limitless particle acceleration, not encum-
plasma through the usual LWFA mechanism only, produgse e 1y dephasing. The convenience of this particular se-

ing a weak,< 1Gey{m, accelerating wake. In th|s 910N ence is that the particle is acceleratedsfor of the time.
the energy of the injected electrons does not S|gn|f|cantl)(|so, sinceAt; > At,, there is a net energy flow from the
change, as seen from Fig. 2(d). When the trailing (low:

. . pump into the beam which can compensate for the diffrac-
frequency) part of the pump collides with the TB, the eNfive [osses.
ergy flows from the TB into the PB, Fig. 2(c). Again, a
strong plasma wake is induced, Fig. 2(b). This wake, how-
ever, is shifted in phase ky¢ = 7 with respect to the lead- 4 REFERENCES
ing region. As a result, the particles which gained energy] T. Tajima and J. M. Dawson, Phys. Rev. L8, 267 (1979).
in the leading region ardeceleratedn the trailing region, [2] G. Shvetset. al.,Phys. Rev. Lett81, 4879 (1998).

Fig. Z(Q)' .By repgatmg the tlme. sequence for the.pum ] A. Pukhov and J. Meyer-ter-Vehn, APS Bullet#tl, 1502
shown in Fig. 2, with the appropriately chosen durations

the pump sectionAt; = 2L4/c andAty = Atz = Lg/c,
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